Despite adequate dietary management, patients with classic galactosemia continue to have increased risks of cognitive deficits, speech dyspraxia, primary ovarian insufficiency, and abnormal motor development. A recent evaluation of a new galactose-1 phosphate uridylyltransferase (GALT)deficient mouse model revealed reduced fertility and growth restriction. These phenotypes resemble those seen in human patients. In this study, we further assess the fidelity of this new mouse model by examining the animals for the manifestation of a common neurological sequela in human patients: cerebellar ataxia. The balance, grip strength, and motor coordination of GALT-deficient and wild-type mice were tested using a modified rotarod. The results were compared to composite phenotype scoring tests, typically used to evaluate neurological and motor impairment. The data demonstrated abnormalities with varying severity in the GALT-deficient mice. Mice of different ages were used to reveal the progressive nature of motor impairment. The varying severity and age-dependent impairments seen in the animal model agree with reports on human patients. Finally, measurements of the cerebellar granular and molecular layers suggested that mutant mice experience cerebellar hypoplasia, which could have resulted from the down-regulation of the PI3K/Akt signaling pathway.
Introduction
Classic galactosemia (OMIM 230400) is an autosomal recessive genetic disorder resulting from homozygous deleterious mutations in the galactose-1 phosphate uridylyltransferase (GALT) gene. Although dietary management can prevent the acute toxicities associated with the newborn period, some patients continue to demonstrate increased risks of cognitive deficits, speech problems, primary ovarian insufficiency (POI), and abnormal motor functions, which include tremor, dystonia, and ataxia (Waggoner 1993; Waisbren et al 2012; Rubio-Agusti et al 2013) .
To date, many questions about the ataxia phenotype, among others, seen in some patients with classic galactosemia remain unanswered. For instance, it is unclear why only approximately 15-18 % of the galactosemic patients have been reported to manifest this phenotype while over 90 % of the female patients will have POI (Waggoner 1993; Waisbren et al 2012) . There is equally uncertainty about the time of onset of the neurological abnormality and the molecular mechanisms involved. In model systems studies, Jumbo-Lucioni et al reported that co-removal of the dGALK (galactokinase) gene or sugarless overexpression corrected the aberrant glycosylation of the neuromuscular junction (NMJ) extracellular synaptomatrix carbohydrates and the impaired coordinated movement in a Drosophila model of classic galactosemia (Jumbo-Lucioni et al 2014) , further solidifying the pathogenic roles of galactose-1 phosphate and aberrant glycosylation in GALT deficiency in this invertebrate. Studies in human patients led some investigators to propose that aberrant signaling pathways, notably phosphatidylinositol signaling (Berry 2011; Coss et al 2014) , and defective glycosylation secondary to the accumulation of toxic galactose metabolites and deficiency of UDP-galactose are responsible for the neurological damages observed in these patients (Maratha et al 2016a, b ). Yet, it is important to realize that these mechanisms are not mutually exclusive and that they may act at different times during the central nervous system (CNS) development.
A recent study of a new GALT-deficient mouse model revealed growth restriction and reduced fertility (Tang et al 2014) , phenotypes commonly seen in human patients with classic galactosemia. In this study, we further assessed the fidelity of this new mouse model by evaluating the mutant mice for the manifestation of cerebellar ataxia with experiments using a modified rotarod, placing more emphasis on evaluating the ataxia-related motor impairment in mice. The results, which were validated using composite score testing (Guyenet et al 2010) , revealed age-dependent motor impairment in the GALT-deficient mice. Histological studies showed significantly decreased thickness of both granular and molecular layers, which could partly result from downregulation of the canonical phosphatidylinositol 3kinase (PI3K)/protein kinase B (Akt) signaling pathway in GALT-deficient cells reported earlier (Balakrishnan et al 2016) .
Methods and materials
Animals and diet GALT-deficient mice used in this study were constructed as previously described (Tang et al 2014) . All mice were confirmed genotyped (molecular and biochemical) using protocol published (Tang et al 2014) . Homozygous GalT −/ − were determined to have zero GALT activity in their red blood cells and livers. All mice were fed with normal chow since weaning. No galactose challenge was attempted throughout this work.
Modified rotarod
To better assess the ataxia-related motor impairment of mice with GALT deficiency, we modified the traditional single-rod rotarod to encourage the animal to walk along the rod alternating between limbs, instead of passively using its body for support. This was accomplished using 1 cm diameter array of circular rods (Fig. 1 ). Discs were also placed on the sides of the animal to minimize external distractions. The discs also assisted in maximizing the animals' movement around the rod instead of along the length. The incorporation of these changes placed greater emphasis on testing ataxic-related impairment in our mouse model.
The modified rotarod rotated in conjunction with a PPI motor (100 RPM, 24 V, 3 A). The rod's speed was adjusted with a pulse width modulator (6-90 V, 10 A rated) and was powered with a Power Sonic rechargeable battery (12 V, 7A). As with common rotarods (Kamens and Crabbe 2007) , the time the animal successfully walked on the rod was used as a measure of motor coordination. The rod's speed gradually increased to 6 RPM over two minutes for training purposes. After resting for two-minute, the mouse was tested at 6 RPM for a maximum of two minutes (lower time if animal failed test). The trial was repeated at 12 RPM. Each mouse was tested three times at each speed after a five-minute resting period. The modified apparatus built for this study is displayed in Fig. 1 .
Composite phenotype scoring test
To validate the results obtained using the modified rotarod, the mice's gait, as well as kyphosis severity, hind limb clasping phenotype, and the ability to walk across the ledge of the cage were evaluated. These tests offer sensitive quantification of disease severity in mouse models of cerebellar ataxia a) b) c) Fig. 1 Modified rotarod. a Front view of production model. The rotating rod is placed at an appropriate height above a landing pad. The cylindrical array of rungs are in between the two disks, 27 cm in diameter. The entire length of the rod is 56 cm. The entire model enclosed is plexi-glass, while the motor drives the rotation of the rod. The speed controller adjusts the speed between 6 RPM and 12 RPM. b Side view of production model. The animated mouse demonstrates how the animal must move to stay stable on the device as the rod rotates clockwise. c Working model. Mouse demonstrating alternating leg movement on modified rotarod with rungs (Guyenet et al 2010) . Following the published protocol of Guyenet and coworkers, a researcher without any prior knowledge of the mice's genotype conducted the tests in order to prevent bias. Each mouse was accessed three times for each test. All tests were quantified on a scale from zero to three, where three was considered the most severe manifestation.
Histological studies
The animal cranium was extracted and placed in ice cold PBS followed by 10 % formalin to fix for at least 48 hours. Several washes were done with 70 % ethanol over a period of 48 hours to rehydrate the tissue. The whole brain with attached cerebellum was isolated from the skull and cut in half along the midsagittal plane prior to tissue processing, slide preparation, and hematoxylin and eosin (H&E) staining performed by the Research Histology Core Facility of the ARUP Laboratories (Salt Lake City, UT, USA). H&E-stained sections were sent to board-certified pathologists at the University of Florida for the measurement of the granular and molecular layers in a singleblinded manner. Slides were then used for Purkinje cell count of each section.
Granular and molecular layer measurements
The thicknesses of molecular and granular layers of each cerebellum were measured using a micrometer. Twenty measurements throughout the cerebellum were performed on each slide (GalT +/+ n = 5, GalT +/− n = 5, GalT −/− n = 5).
Purkinje cell count
Purkinje cells of five cerebellar papillae were counted and length of papillae was measured from the most superficial point of the papillae to the intersection between the end of fissures on each side of the papillae. Twenty measurements were performed on each slide (GalT +/+ n = 5, GalT +/− n = 5, GalT −/− n = 5). All slides were reviewed by two board-certified pathologists. Both pathologists simultaneously reviewed each slide using a dual headed microscope, each using an independent ocular micrometer with a 10X objective, following calibration when taking measurements and counting.
Immunoblot analyses
Protein lysates from dissected cerebella were prepared by mechanical disruption of the tissue in hypotonic buffer [25 mM NaCl, 0.5 mM EDTA, and 25 mM Tris HCl (pH 7.2)] with protease and phosphatase inhibitors at 4°C. The cell lysate was cleared by centrifugation at 13,000 RPM for 15 min at 4°C. Pierce BCA protein estimation kit (Thermo Scientific, Rockford, IL) was used to determine total protein concentration. Of the total protein 40 μg was resolved by 12 % SDS-PAGE before being transferred to a nitrocellulose membrane. The procedures for immunoblot analyses of the key protein members of the PI3K/Akt pathway in the protein lysates, as well as the vendors for the antibodies used, were reported in an earlier study (Balakrishnan et al 2016) .
Statistical analysis
Student's t-test was performed to determine statistical significance of experimental results among groups.
Results

Rotarod studies
We performed rotarod studies using the following six groups of mice:
GalT −/− GalT +/− GalT +/+ 2 to 5 months old 12 mice 10 mice 8 mice 6 to 10 months old 12 mice 11 mice 10 mice Human patients who are heterozygous for deleterious GALT mutations are clinically normal, and we did not observe any statistically significant differences between the GalT +/+ and the GalT +/− mice. Therefore, we grouped these mice together as one group for subsequent comparison with the GalT −/− mice.
As shown in Fig. 2a & b , 87.3 % of (GalT +/+ + GalT +/− ) mice aged between 6 to 10 months were able to attain the oneminute mark at 6 RPM. Comparatively, 52.8 % of GalT −/− mice met the one-minute mark; 77.8 % of the (GalT +/+ + GalT +/− ) mice and 44.4 % of the GalT −/− sufficiently completed the entire two-minute test at 6 RPM (p = 3.14 x 10 −4 ). At 12 RPM, 47.6 % of (GalT +/+ + GalT +/− ) mice and 8.3 % GalT −/− met the one-minute mark; 22.2 % of (GalT +/+ + GalT +/− ) mice and an unchanged 8.3 % of GalT −/− completed the test to the two-minute mark at 12 RPM (p = 6.03 x 10 −3 ).
It appears that mice aged younger than 6 months outperformed mice older than 6 months in both (GalT +/+ + GalT +/− ) and GalT −/− groups ( Fig. 2a & b) . However, statistical analyses reveal significant difference only in the GalT −/− mice. GalT −/− mice younger than 6 months significantly outperformed GalT −/− mice older than 6 months at 6 RPM and 12 RPM (p = 2.5 × 10 −8 and p = 1.34 × 10 −4 , respectively).
Composite phenotype scoring test
Using composite phenotype scoring, which evaluates coordination (ledge test), neurological/motor impairment (hind limb clasping), gait, and degree of kyphosis, we showed 25 % of homozygous GalT −/− mice older than six months had composite scores less than or equal to 3, compared to 90.9 % in the (GalT +/+ + GalT +/− ) mice (p = 2.0 × 10 −4 ) ( Fig. 2c) .
Similar to the rotarod results, GalT −/− mice younger than 6 months had a significantly lower composite score than mice older than 6 months, suggesting the progressive nature of the impairment (p = 8.0 × 10 −5 ). There was no significant difference in the composite scores between older and younger mice in the (GalT +/+ + GalT +/− ) group (p = 8.1 × 10 −2 ), as well as the scores between GalT −/− and (GalT +/+ + GalT +/− ) mice younger than 6 months old (p = 6.5 × 10 −1 ).
Histological studies of isolated cerebella
As a first step to delineate the underlying mechanisms that may account for the ataxia-related motor impairment displayed in the GalT −/− mice, histological studies were performed on isolated cerebella from five GalT +/+ , five GalT +/− , and five GalT −/− mice. Since we observed more severe motor impairment in the older mice, we focused our histological studies on mice aged between six to ten months of age. We did not observe any remarkable changes in the morphology and the number of the Purkinje cells in the H&E stained sections of the mutant mouse cerebella, but the combined thickness of the granular and molecular layers in the GalT −/− mice was 13.05 % (p = 0.002) smaller than in the (GalT +/+ and GalT +/− ) mice ( Fig. 3a & b) .
Immunoblot analyses of isolated cerebella
To further understand the molecular mechanisms that might account for the reduced thickness of the granular and molecular layers in the cerebella of the GalT −/− mice, we assessed the expression levels of the PI3K/Akt signaling pathway in the isolated tissues. The PI3K/Akt growth signaling pathway is essential for the normal growth and survival of many tissues, including neuronal tissues (Zhang et al 2010; Xu et al 2011; Zhang et al 2013) . Figure 3c shows significant reduced steady-state protein abundance of pAkt(Ser473), pAkt(Thr308), pan-Akt, pGSK-3β, but increased abundance of BiP, a stress response protein (Little et al 1996) .
Discussion
Despite adequate dietary management, ataxia remains a known complication with variable severity in many patients with classic galactosemia (Waggoner 1993; Waisbren et al 2012 Fig. 3 Analysis of isolated cerebella from normal and mutant mice. a Location of molecular and granular layers of cerebellum. b Thickness measurements of molecular and granular layers in wild-type, heterozygous, and homozygous mutant mouse cerebella with respective p values. c Protein expression levels of pAkt (Thr308), pAkt (Ser473), panAkt, pGsk3β, and BiP from the cerebella of normal (NN) and mutant mice (GG) (n = 3 for each group) were compared by Western blot analysis (M = Molecular weight markers). Quantified results for the abundance of the selected proteins are presented in the graphs shown on the right ataxia phenotype in human patients. To begin with, we had to demonstrate that the mutant mice exhibit ataxia-related motor impairments. There are other movement disorders (e.g., tremor and dystonia) experienced by some of the patients with the disease (Waggoner 1993; Waisbren et al 2011; Rubio-Agusti et al 2013) , but we would like to focus on ataxia in this pilot study. The positive outcome of the study will justify future examination of other movement disorders in this mouse model. As shown in Fig. 2 , the GalT −/− mice manifest ataxia-related motor impairments with varying degrees of severity in rotarod studies, which was validated by composite phenotype scoring tests. In addition, we demonstrated the progressive nature of the impairments in older mice. We hypothesize that as the mutant mice grow older, the chronic stress-related cellular damages induced by toxic galactose metabolites finally reach the threshold beyond which the functions of the targeted organs begin to fail. In a broad sense, our hypothesis shares some features from the thesis of Bapoptosis lente^proposed by Vincent and colleagues (Vincent et al 2004) , where they proposed a more stately neuronal degenerative process involving the apoptotic cascade in the pathophysiology of chronically damaged neurons in diabetes. Our results nonetheless are in agreement with two reports of patient observations (Bohles et al 1986; Rubio-Agusti et al 2013) . However, because only a small number of patients were examined in the two reports, more research will be needed to confirm the progressive nature of the phenotype in human patients. Also, in human patients, variability of phenotypes has been attributed to epigenetic factors, but none have been convincingly identified. Based upon our evaluation shown in Fig. 2 , we feel that we can launch further studies into the pathophysiology of the phenotype in our mouse model.
The decreased thicknesses of the combined molecular and granular layer in the cerebella of the mutant mice suggest the GalT −/− mice experience cerebellar hypoplasia ( Fig. 3a & b) . Indeed, cerebellar atrophy has also been reported in patients with classic galactosemia (Nelson et al 1992) . Since we have previously demonstrated that the PI3K/Akt signaling pathway is downregulated in the primary skin fibroblasts derived from the mutant mice (Balakrishnan et al 2016) , we examined the protein expression levels of this pathway in the isolated cerebella. As shown in Fig. 3c , we showed that the down-regulated PI3K/Akt signaling pathway in the cerebella may explain, in part if not wholly, the hypoplasia observed (Balakrishnan et al 2016) . Future studies are required to further validate if the hypoplasia detected is responsible for motor impairment observed in the GALT deficient mice. Nevertheless, perturbation of this growth signaling pathway was also found in patient-derived dermal fibroblasts of patients exposed to toxic levels of galactose (Coss et al 2014) .
Earlier, we reported smaller, more acidophilic Purkinje cells in a punctuated layer were found in GALT-deficient pups challenged with galactose (Tang et al 2014) . Other abnormal changes were also documented in human patients with classic galactosemia (Nelson et al 1992; Potter et al 2013) . Therefore, we were initially puzzled when we were unable to observe decreased Purkinje cell counts or remarkable change in their morphology in the cerebella of the mutant mice, which would have otherwise provided more direct evidence for Purkinje cell death/ damages in these animals. Yet, it is noteworthy to mention that Timmers et al also failed to notice any changes in white matter microstructure, as well as gray matter density, in the cerebella of a small number of human galactosemic patients, despite the fact that they found profound changes elsewhere in the same brains (Timmers et al 2015; Timmers et al 2016) . Moreover, we did not challenge our mice with galactose in this study as we did for the pups we reported earlier (Tang et al 2014) . Furthermore, although we did not observe any gross abnormalities in the Purkinje cell layers, this does not automatically preclude the absence of adverse changes. It could simply be the result of the limited resolutions in H&E stained sections and/or that the changes are too subtle to be seen at the histological levels. Future experiments, which include electrophysiological studies of these mice, determination of cerebellar weight, and more sophisticated immunostaining of the Purkinje cells, could provide additional clues to the underlying mechanisms of the observed motor impairments in the mutant animals.
